Background: Normothermic regional perfusion (NRP) is a novel technique that aids organ recovery from donors after circulatory death (DCDs). However, ethical concerns exist regarding the potential return of spontaneous cerebral and cardiac activity (ROSCCA). This study aimed to determine the likelihood of ROSCCA in NRP-DCDs of abdominal organs. 
Introduction
Normothermic regional perfusion (NRP) is a technique that aids organ recovery from donors after circulatory death (DCDs), leading to acceptable transplantation outcomes 1 . NRP was first used in 1989 by Spanish transplant surgeons using a percutaneously placed cardiopulmonary bypass circuit 2 . Autologous blood from the donor is used as a perfusate and is anticoagulated with heparin.
NRP closely resembles other extracorporeal membrane oxygenation (ECMO) circuits that can be used for cardiopulmonary bypass, extracorporeal cardiopulmonary resuscitation (ECPR) or for ventilatory assistance in patients with refractory acute lung injury. ECMO provides mechanical ventilatory and circulatory support via an extracorporeal circuit incorporating a membrane oxygenator, centrifugal pump or roller, heat exchanger and perfusate reservoir. NRP and ECMO have differences, which include the anatomical location of cannulas (peripheral versus central) and flow rates (lower in NRP).
NRP improves the viability of organs for kidney and liver transplantation, and leads to better post-transplantation function with fewer complications 1 . Recently, NRP has been used to support donation of cardiothoracic organs, permitting recirculation and restoration of cardiac activity leading to transplantation 3 .
NRP works in three ways. First, it acts as a perfusion bridge between asystole and organ procurement, and allows organ procurement without further injury from prolonged ischaemia. Second, it enables rehabilitation at a cellular level by replenishing mitochondrial stores of adenosine 5 ′ -triphosphate, thereby mitigating against the effects of anaerobic metabolism and mimicking a period of ischaemic preconditioning 4 -6 . Third, it permits donor organ assessment under non-ischaemic conditions over a period of time, as well as the opportunity to track physiological responses to reperfusion.
A number of ethical considerations exist regarding the use of NRP. These include premortem cannulation and systemic heparinization; variable requirements for stand-off time (the interval between confirmation of death and commencement of the perfusion process); and the potential for reperfusion to lead to return of spontaneous cerebral and cardiac activity (ROSCCA). The latter could invalidate the declaration of death, thereby threatening the fundamental tenet of deceased donation following cardiac arrest. ROSCCA can be assured categorically only by exclusion of the coronary and cerebral circulations from the NRP circuit. In abdominal organ donors, this is achieved by mechanical occlusion of the supracoeliac aorta most commonly using an inflated balloon, or by cross-clamping. Nonetheless, the potential for ROSCCA to occur while using an inflated aortic occlusion balloon remains poorly understood and characterized. Concerns have been expressed that NRP, with or without inflation of an intra-aortic occlusion balloon, provides an unsatisfactory assurance that ROSCCA would not occur 7, 8 .
This study aimed to determine the likelihood of ROSCCA in NRP-DCDs of abdominal organs, and the impact an inflated intra-aortic occlusion balloon may have on the likelihood of ROSCCA. The ethical implications of this increasingly used organ preservation technique in an era of donor organ shortage are also explored.
Methods

Validation cohort and definition of terms
A validation cohort of patients who most closely resembled organ donors, but who received ECMO for therapeutic indications without an inflated intra-aortic occlusion balloon, was identified to determine the likelihood of ROSCCA occurring in NRP-DCDs. Patients receiving ECMO as part of resuscitative measures following cardiac arrest (ECPR for out-of-hospital cardiac arrest (OOHCA)) were considered an appropriate comparator for NRP-DCDs. This is because ECPR is employed for refractory cardiac arrest where cessation of resuscitative efforts would lead to the inevitable declaration of death.
The technical and mechanical components of NRP and ECPR are virtually identical, but two important distinctions exist. First, ECPR has resuscitative intent whereas the intent of NRP is preservation; and, second, there is no intra-aortic occlusion balloon in ECPR.
In OOHCA, a variable period of absent perfusion (no-flow time) exists between the onset of cardiac arrest and the commencement of cardiopulmonary resuscitation (CPR) with chest compressions, either by a bystander or a trained professional. A period of low flow exists from the commencement of mechanical compressive CPR until the return of perfusion by either return of spontaneous circulation or ECPR.
In the organ donation process, stand-off time refers to the interval after declaration of death up to commencement of the donor perfusion and organ preservation process. A stand-off time, commonly 5 min, is necessary in most jurisdictions to ensure that autoresuscitation does not take place and that the declaration of death is valid 9 . In uncontrolled DCDs there is, therefore, a no-flow time, a low-flow time and a stand-off time before return of perfusion by NRP. In controlled DCDs there is only a low-flow time (following withdrawal of life-sustaining treatment) and a stand-off time (following asystole). ECPR-OOHCA is therefore an appropriate surrogate to determine the likelihood of ROSCCA in NRP-DCDs.
Search methods
A search of MEDLINE, Embase and the Cochrane Library electronic databases was performed to identify all articles relating to NRP for DCDs of abdominal organs. The following Medical Subject Heading (MeSH) terms were used and combined using Boolean operators: 'extracorporeal membrane oxygenation', 'donors after cardiac death', 'non-heart-beating donors', 'donors after circulatory death', 'normothermic recirculation', 'normothermic perfusion', 'regional perfusion', 'liver transplantation', 'kidney transplantation' and 'pancreas transplantation'. A further search was carried out in an identical manner to identify all articles relating to ECPR-OOHCA. The following MeSH terms were used: 'extracorporeal life support', 'extracorporeal resuscitation', 'extracorporeal cardiopulmonary resuscitation', 'extracorporeal membrane oxygenation' and 'out-of-hospital cardiac arrest'. References of all identified papers were searched to ensure a comprehensive review. PRISMA guidelines were followed 10 . Ethical approval was not required.
Inclusion and exclusion criteria
All study designs including cohort studies, case-control studies and case series were considered eligible. Studies performed between January 1997 and June 2016 were included. Case reports, conference abstracts, review articles, animal studies and articles not written in English were excluded. For the NRP-DCD search, studies of organ donation of non-abdominal organs and those using an ex situ perfusion process were also excluded. For the ECPR-OOHCA search, articles that did not describe the relationship between no-flow time and outcome were excluded. Publications reporting outcomes in ECPR for in-hospital cardiac arrest were excluded, because the mean delay from cardiac arrest to commencement of CPR is much shorter than in OOHCA.
Data extraction
Data extraction was undertaken using a standard pro forma. Patient and donor age, perfusion flow rates, and rates of failure in establishing successful perfusion were recorded. The NRP and ECPR protocols were interrogated, and exclusion and inclusion criteria identified and compared. Where recorded, methods of preventing and identifying cerebral and cardiac perfusion in NRP-DCDs were also identified. In ECPR-OOHCA, the duration of no flow was recorded.
Outcome measures
Survival outcomes (discharge from hospital with a favourable neurological outcome) and cause of death following ECPR-OOHCA were recorded and analysed according to the duration of absence of perfusion. Neurological outcomes were considered favourable if recorded as having a cerebral performance category of 1 or 2 ( Table 1) 11 . In the NRP-DCD groups, the incidence of ROSCCA was recorded. Survival following ECPR-OOHCA, where ECPR commenced beyond the critical time of 5 min, was used as a surrogate marker to determine the likelihood of ROSCCA associated with NRP-DCDs. 13 UK Controlled 1⋅7-4 l/min Variable* Fondevila et al. 14 Spain Uncontrolled 1⋅7 l/min < 65 Jiménez-Galanes et al. 15 Spain Uncontrolled 3⋅1 l/min < 50 Otero et al. 16 Spain Uncontrolled n.r. < 50 Rojas-Peña et al. 17 USA Controlled > 45 ml per kg per min 0⋅5-65 Sánchez-Fructuoso et al. 18 Spain Uncontrolled n.r. < 60 Valero et al. 19 Spain Uncontrolled 1-2 l/min < 65 Reznik et al. 20 Russia Uncontrolled 2⋅5 l/min n.r. Farney et al. 21 USA Controlled 4-6 l/min < 60 Lee et al. 22 Taiwan Controlled 2 l/min n.r. Koyama et al. 23 Japan Controlled 2-3⋅5 l/min n.r.
*Depending on organ to be transplanted. n.r., Not reported. 26 Germany No < 5 > 3 l/min < 75 Maekawa et al. 27 Japan No Variable 50-60 ml per min per kg Variable Lamhaut et al. 28 France Yes < 5 2 ⋅5-4 l/min < 70 Avalli et al. 29 Italy No Variable 2⋅6 l per min per m 2 12-75 Le Guen et al. 30 France No < 5 3-4 l/min n.r. Mégarbane et al. 31 France No Variable 2⋅5 l/min n.r.
ECPR, extracorporeal cardiopulmonary resuscitation; SvO 2 , venous oxygen saturation; MAP, mean arterial pressure; n.r., not reported.
Results
The database searches identified 410 articles relating to NRP-DCDs, 12 of which were eligible for inclusion 12 -23 , and 947 articles relating to ECPR-OOHCA, of which eight were eligible for inclusion 24 -31 ( Fig. 1) . This provided a cumulative total of 493 potential DCDs who received NRP organ preservation and 254 patients who received ECPR following OOHCA.
Protocols
The NRP-DCD and ECPR-OOHCA perfusion protocols are reported in Tables 2 and 3 respectively. NRP-DCD protocols used an inflated occlusion balloon in the supracoeliac or thoracic aorta to prevent reperfusion of supradiaphragmatic organs in all but one series 13 . Vascular access was obtained via the femoral vessels in all but one case each of NRP and ECPR. Oniscu and colleagues 13 performed rapid laparotomy, cannulation of the aorta and vena cava, and cross-clamping of the thoracic aorta. There was no difference between NRP-DCD and ECPR-OOHCA eligibility criteria and cohorts with respect to patient and donor age, perfusion circuit flow rates, and rate of failure to commence the perfusion process.
Outcomes
Demographic data and outcomes from the NRP-DCD and ECPR-OHCA programmes are reported in Tables S1 and S2 (supporting information) respectively. There were no reported instances or evidence of reperfusion leading to ROSCCA in any NRP-DCD programme. No organ donation procedures were abandoned owing to concerns relating to potential cardiac and cerebral reperfusion and ROSCCA. In the ECPR-OOHCA programmes, there were no survivors with a favourable neurological outcome where the absence of perfusion lasted more than 5 min.
Discussion
There is no evidence to suggest that ROSCCA may occur following the institution of NRP in DCDs where the proximal aorta has been occluded. Survival with a favourable neurological outcome following ECPR for refractory OOHCA does not occur when the no-flow time exceeds 5 min. Following ECPR-OOHCA where a no-flow time was not specified, a small cohort of patients (8 of 254) survived to discharge, either in a persistent vegetative state or with significant neurological disability. It is not possible using the existing data to provide categorical assurance that ROSCCA would not occur in NRP-DCDs in the absence of a proximally occluded aorta. The periods of no flow and low flow preceding the stand-off time, in uncontrolled and controlled DCDs respectively, inevitably compound the ischaemic insult and further reduce the likelihood of ROSCCA. Japan presents an interesting situation in that organ donation after brain death, although legal, is not acceptable culturally, but the country also has the largest worldwide practice of ECPR-OOHCA 32, 33 . Studies by Morimura and colleagues 32 and Sakamoto et al. 33 were not eligible for inclusion in this review as the rates of survival and ROSCCA were not reported in relation to the no-flow time or bystander CPR. Survivors of OOHCA with a favourable neurological outcome (12⋅3 per cent) and those who remained in a coma or vegetative state (10⋅4 per cent) were increased in equal proportion following use of ECPR, thereby providing scope for ethical debate on the overall impact of ECPR 33 . However, in Japan, with a paucity of deceased donor organs, public perception, as well as that of health policymakers, may be swayed in favour of ECPR-OOHCA given that it could also lead to 60-70 additional organ donors annually.
Organ donation from DCDs is a sensitive issue, with associated fears of NRP-related ROSCCA that are both appreciable and justified, especially given the reported incidents of prolonged survival after brain death 34 . However, such concerns are not supported by the existing evidence based on current practice. Non-invasive methods of recording cerebral and coronary blood flow exist as an additional safety measure. A Doppler ultrasound probe can be placed over the carotid artery to detect cerebral blood flow and a radial artery catheter is inserted to detect pressure changes 35 . In Michigan, a lidocaine bolus (1-2 g) was included in the blood perfusate to prevent return of spontaneous cardiac activity 17 . If cardiac transplantation from NRP-DCDs is to remain a regular feature of organ donation practice, monitoring of cerebral activity with an electroencephalogram may provide a necessary adjunct, as a safeguarding measure.
An inflated occlusion balloon in the proximal aorta has significant advantages, as perfusion can be commenced following a minimally invasive approach, and allows organ assessment before a definitive decision on organ procurement is made. In some instances, it is possible that the integrity of the inflated aortic occlusion balloon may have been compromised, but went unrecognized and unreported. However, balloon integrity can be confirmed by the presence/absence of a radial BP signal, both before and after commencing NRP. In the UK, cross-clamping the thoracic aorta following rapid thoracolaparotomy is the preferred method for NRP-assisted controlled DCD procurement of abdominal organs. However, thoracotomy ought not be a prerequisite for NRP, and minimally invasive NRP provides particular advantages in uncontrolled donors in societies where a presumed consent process is part of the legislation.
It has been mooted that NRP-DCDs without a proximal occlusion of the aorta would be more appropriately termed as donors after brain circulatory death because recirculation of blood occurs following NRP, and that this procedure should therefore require specific consent 8 . The ethical and physiological boundaries of life and death remain controversial, and it is therefore imperative to characterize the impact of recirculation on the potential likelihood of ROSCCA as this clearly has significant implications for consent in organ donation 34 . The absence of ROSCCA may imply that no additional specific consent would be required.
In countries where ECPR-OOHCA is practised routinely, the boundaries between ECPR for resuscitative purposes and NRP as an organ preservation technique may become blurred. Where a patient resuscitated by ECPR has a cerebral performance category of 4 or 5 but is dependent on ECMO for circulatory support, management of the potential organ donor should proceed identically to that for ECMO-independent patients. However, ECMO-independent patients existing in a vegetative state present a very challenging set of circumstances that requires careful individual consideration by families, clinicians and judicial representatives.
The main limitation of this study is the small number of ECPR-OOHCA papers that were eligible for inclusion to approximate NRP-DCD donation. Only eight of 947 potential papers on ECPR-OOHCA were eligible and a proportion of articles, especially those from Japan, were excluded; this could have contributed to unintended bias. The criteria for the declaration of death, in particular brain death, remain controversial across the spectrum of clinical, scientific and religious communities, including within societies where organ donation practices are well established 34 .
This study has demonstrated that ROSCCA leading to survival with favourable neurological outcome following ECPR-OOHCA does not occur when the duration of no flow exceeds 5 min. This suggests a similar process in NRP-DCDs, with a stand-off time of 5 min. ROSCCA in NRP-DCDs with occlusion of the proximal aorta has not been reported to date. The presence of an occlusion balloon provides an additional mechanical level of assurance in a very sensitive clinical scenario. This is particularly important as any adverse events would have a catastrophic impact on the public perception of organ donation and transplantation.
